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ABSTRACT
We demonstrate how the metallicities of young super star clusters can be measured using novel
spectroscopic techniques in the J–band. The near-infrared flux of super star clusters older than ∼6
Myr is dominated by tens to hundreds of red supergiant stars. Our technique is designed to harness the
integrated light of that population and produces accurate metallicities for new observations in galaxies
above (M83) and below (NGC 6946) solar metallicity. In M83 we find [Z] = +0.28 ± 0.14 dex using
a moderate resolution (R∼3500) J–band spectrum and in NGC 6496 we report [Z] = –0.32 ± 0.20
dex from a low resolution spectrum of R∼1800. Recently commissioned low resolution multiplexed
spectrographs on the VLT (KMOS) and Keck (MOSFIRE) will allow accurate measurements of super
star cluster metallicities across the disks of star-forming galaxies up to distances of 70 Mpc with single
night observation campaigns using the method presented in this letter.
Subject headings: galaxies: abundances,galaxies: star clusters,stars: supergiants
1. INTRODUCTION
The effects of star formation−notably the chemical en-
richment of a galaxy’s young stellar population and inter-
stellar medium−imprint a signature of the initial prop-
erties and evolution of that galaxy onto its current gen-
eration of stars. Two critical observables are the central
metallicity and radial abundance gradient of iron- and
α-group elements. Trends in such measurements over
ranges of galactic mass, redshift, and environment con-
strain the theory of galaxy formation and chemical evo-
lution.
The central metallicity of a galaxy is dictated
by mass and traces formation properties and evo-
lution (Lequeux et al. 1979; Tremonti et al. 2004;
Maiolino et al. 2008). Radial abundance gradients
provide a signature of the complex dynamics of galaxy
evolution and the growth of galactic disks. The pro-
cesses affecting abundance gradients include clustering,
merging, infall, galactic winds, star formation his-
tory, and initial mass function (Prantzos & Boissier
2000; Garnett 2004; Colavitti et al. 2008; Yin et al.
2009; Sa´nchez-Bla´zquez et al. 2009; De Lucia et al.
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2004; de Rossi et al. 2007; Finlator & Dave´ 2008;
Brooks et al. 2007; Ko¨ppen et al. 2007; Wiersma et al.
2009).
Pursuit of these rich areas of research has been un-
dermined by the difficulty of obtaining reliable metal-
licities of galaxies. Techniques providing such measure-
ments must be observationally efficient as well as accu-
rate and precise. These requirements offer a formidable
challenge across extragalactic distances. In the ideal sit-
uation, conclusions are drawn from careful studies using
multiple techniques such as described below. Constraints
on access to telescopes and the lack of targets which can
be observed over such distances necessitates compromise.
The bulk of investigations rely on spectroscopy of
the emission lines of H ii regions. The “strong line”
analysis methods use the fluxes of the strongest for-
bidden lines relative to Hβ. The requirement for em-
pirical calibration has created a situation in which dif-
ferent commonly used calibrations yield varying and
sometimes conflicting results from the same set of ob-
servations. Both the slope and absolute scaling of
metallicity are susceptible to choice of calibration: the
mass-metallicity gradient across all galaxies and the
radial gradients within individual galaxies can change
from steep to flat while the overall metallicity can
shift by a factor of up to four (Kewley & Ellison 2008;
Kudritzki et al. 2008; Bresolin et al. 2009a). Even the
more physical “Te−based method” (which utilizes au-
roral lines to remove the need for “strong line” cal-
ibrations) is potentially subject to biases−especially
in the metal rich regime characteristic of the disks
of all massive spiral galaxies (Bergemann et al. 2014;
Stasin´ska 2005; Bresolin et al. 2005; Ercolano et al. 2010;
Zurita & Bresolin 2012).
Quantitative spectroscopy of supergiant stars is one
alternative technique which avoids the uncertain calibra-
tions of the “strong line” H ii region method. Blue su-
pergiants in particular have become a powerful tool for
measuring metallicities, abundance gradients, and dis-
tances to galaxies in and beyond the Local Group (WLM
– Bresolin et al. 2006; Urbaneja et al. 2008; NGC 3109 –
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Fig. 1.— Observed spectra of two young super star clusters (black): M83-1f-117 (upper panel), and NGC6946-1447 (lower panel). Each
spectrum is overplotted with a best fitting red supergiant synthetic spectrum (red dashed with gray) in the spectral window analyzed. The
critical diagnostic lines of Fe i, Ti i, Si i, and Mg i are marked. Spectral fitting is carried out over these diagnostic features.
Evans et al. 2007; IC1613 – Bresolin et al. 2007; M33 –
U et al. 2009; M81 – Kudritzki et al. 2012; NGC 4258 –
Kudritzki et al. 2013). This technique, while extremely
promising, may also be subject to systematic uncertain-
ties and needs to be checked by independent methods.
Moreover, it utilizes optical spectroscopy, while the next
generation of telescopes such as the TMT and E–ELT
will be optimized for observations using adaptive optics
at infrared wavelengths (IR). Bright abundance tracers
with their flux-maximum in the IR will have a clear ad-
vantage as these facilities come online.
Red supergiants (RSGs) are extremely luminous stars
which emit 105 to ∼106 L/L⊙ largely in the infrared
(Humphreys & Davidson 1979). With a method to ex-
tract metallicities from these stars at modest resolutions
the RSGs become ideal targets for measuring extragalac-
tic cosmic abundances. Studies of RSGs tend to de-
mand high spectral resolutions (R≈20,000) in order to
disentangle the densely packed atomic and molecular fea-
tures iconic to such cool, inflated stars. By searching
for a spectral window with minimal contamination by
the strongest molecular lines of OH, H2O, CN, and CO,
Davies et al. (2010) found the J–band (1.15-1.23 µm) a
suitable bandpass. Furthermore, the dominant spectral
features are isolated atomic lines of iron, titanium, sil-
icon, and magnesium. Davies et al. (2010) and, most
recently Gazak et al. (2014) have demonstrated the ex-
traction of metallicities accurate to ∼0.10 dex for a single
RSG at resolutions down to R≈2,000 in the J–band.
With this J–band method in hand, current instrumen-
tation on 8-meter class telescopes can extract accurate
and precise metallicities using single RSGs out to a lim-
iting distance of ∼10 Mpc (Evans et al. 2011). Still, to
reach groups and clusters of galaxies significantly beyond
the 10 Mpc, such techniques must await the next gener-
ation of 30-meter class telescopes.
In this work we demonstrate a new method for extend-
ing the observational baselines of stellar techniques by ex-
ploiting the integrated light of coeval ensembles of stars.
In star forming galaxies, such populations exist as super
star clusters (SSCs), the result of single bursts of star
formation creating a population with a stellar mass of
104-106 M⊙ in a tight association (Portegies Zwart et al.
2010). In Gazak et al. (2013) we hypothesized that a
discrete jump in the IR colors of SSCs at ages beyond 7
Myrs was caused by the appearance and flux dominance
of the RSG members of these clusters. We demonstrated
this to be the case by performing population synthesis
experiments with synthetic photometry. The simulations
agreed well with observed near IR colors of SSCs across
a range of ages in M83 measured by Bastian et al. (2011,
2012). Indeed, by 7 Myr the population of tens to hun-
dreds of RSGs dominates the near-IR light, commanding
≥ 90-95% of the J–band flux (Gazak et al. 2013). As a
natural extension of that work we suggested that SSCs
older than 7 Myr could be used for quantitative spec-
troscopy and the measurement of [Z] at far greater dis-
tances than is possible for single supergiants. It is the
purpose of this paper to demonstrate the practicality of
this spectroscopic technique and present applications sig-
3TABLE 1
Model Grid
Param Grid Min Grid Max Spacing
Teff [K] 3400 4000 100
4000 4400 200
logg [cm s−2] −1.0 +1.0 0.5
[Z]a −1.00 +1.00 0.25
ξ [km s−1] 1.0 6.0 1.0
Note. — The parameter space of the marcs grid
of stellar atmospheres used in this work.
nificantly above and below solar metallicity.
The analysis method applied to the J–band spectra is
the same as used very recently in the quantitative spec-
troscopic J–band study of individual RSGs in the Milky
Way cluster Perseus OB-1 by Gazak et al. (2014).
This novel method allows for the measurement of
metallicities of young super star clusters−and thus the
disks of star-forming galaxies−within ∼35 Mpc and
across a wide range of galactic metallicity. To this
end we have collected J–band spectra of two SSCs,
one in the disk of the super-solar metallicity galaxy
NGC5236 (M83) at 4.5 Mpc (Thim et al. 2003) and one
in the sub-solar metallicity galaxy NGC 6946 at 5.9 Mpc
(Karachentsev et al. 2000). This represents the pioneer-
ing first step towards studying the disks of star-forming
galaxies with stellar spectroscopy over distances extend-
ing ten times that of single-supergiant techniques. To
accomplish this we observed M83−1f−117 (referred to
as NGC5236-805 in Larsen & Richtler 2004), a mJ=16.1
SSC at an age of ∼20 Myr and mass of 2×105 M⊙ in
the nearby spiral galaxy M83. For the sub-solar case we
targeted NGC 6946-1447, a mJ ∼13 SSC at an age of
∼10-15 Myr with a mass of ∼106 M⊙.
2. OBSERVATIONS
Observations of M83-1f-117 (α=13h37m02s,
δ=−29◦52′13′′) were obtained using ISAAC/VLT
(Moorwood et al. 1998) on the night of 2012 March 13
under the ESO programme 089.D-0750(A) (P.I. Bastian,
N). We employed the 1′′.0 slit width with a central
wavelength of 1.17 µm and integrated on source for two
hours using an ABA nod pattern. We observed a B-type
star with a similar airmass as a telluric standard.
The spectra were reduced following the methodology
outlined in Davies et al. (2012). Briefly, this reduction
consists of the subtraction of nod pairs, flat-fielding, rec-
tification to correct for distortion in the spatial and dis-
persion directions, sky subtraction, and cosmic-ray re-
moval.
NGC6946-1447 (α=20h34m52s, δ=60◦08′14′′) was ob-
served on 2011 August 3 and 2011 October 12 with the
near-IR medium resolution SpeX spectrograph mounted
on the 3−meter NASA InfraRed Telescope Facility
(IRTF) on the summit of Mauna Kea (Rayner et al.
2003). SpeX was set up in short wavelength cross-
dispersed mode with a 0′′.3 slit. The data were reduced
and telluric-corrected using the IDL spectral extrac-
tion package Spextool (Vacca et al. 2003; Cushing et al.
2004).
The observed spectra are plotted in Figure 1.
3. SYNTHETIC SUPER STAR CLUSTERS
TABLE 2
Spectral fits
Param M81-1f-117 NGC6946-1447
Teff 3540 ± 80 3940 ± 100
logg +0.48 ± 0.18 +0.10 ± 0.15
[Z]a +0.28 ± 0.14 −0.32 ± 0.20
ξ 3.1 ± 0.25 3.0 ± 0.25
Reff [λ/δλ] 3500 ± 50 1800 ± 50
Note. — Parameter fits to the observed
spectra.
3.1. Stellar Population Synthesis
Gazak et al. (2014), in their analysis of J–band spectra
of individual RSGs in the Milky Way cluster Perseus OB-
1, synthesized an integrated J–band cluster spectrum by
combining the individual spectra of all RSGs studied.
They demonstrate that the quantitative analysis of the
integrated spectrum yields a metallicity consistent to the
mean metallicity of the individual RSGs. This is the
starting point for the population synthesis experiment
described in this section.
Simulations presented in Gazak et al. (2013) success-
fully recreated observed trends in the near infrared colors
of SSCs based on the evolution of the first RSG members.
RSGs contribute 90-95% of the near-IR flux emitted by
young SSCs older than ∼7 Myr. Now we expand on the
photometric results of Gazak et al. (2013) by simulating
the full spectra of SSCs as a function of age. Here we use
the same methodology as that paper to derive theoreti-
cal stellar populations of a 105 M⊙ SSC from 1-15 Myr.
Notably, we assume a Salpeter initial mass function with
mass boundaries of 0.8-100 M⊙and evolve the theoretical
cluster using the Geneva stellar evolution tracks which
include effects of rotation (Meynet & Maeder 2000).
At each time step we construct a theoretical spectral
energy distribution (SED) at a resolution of R=10,000
using theoretical SEDs from the Pollux database1
(Palacios et al. 2010). This database draws from three
sets of 1D LTE synthetic spectra, including cmf-
gen (Hillier & Miller 1998), atlas12 using the Kurucz
stellar atmospheres (Kurucz 2005), and turbospec-
trum calculations using marcs atmospheres (Plez 2012;
Gustafsson et al. 2003). For stellar parameters typical
of RSGs we supplant the latter with our own NLTE the-
oretical spectra in the J–band (Bergemann et al. 2012,
2013). Solar metallicity is assumed.
In Figure 2 we plot a synthetic SED from 0.3-1.5 mi-
crons at 5 Myr and 15 Myr (before and after the evolu-
tion of the first massive stars into RSGs which begins at
roughly 7 Myr). The evolution of the first RSGs have an
overwhelming effect on the near IR SED, wholly domi-
nating the flux of the cluster. We plot two panels showing
just the J–band in Figure 3.
3.2. Analysis Tests
We test the hypothesis that a J–band spectra could
yield the [Z] abundance of that cluster by applying
our analysis method (presented below, §4, see also
Gazak et al. 2014) to the synthetic spectra of Figure 3
1 Operated at LUPM (Universit Montpellier II -
CNRS, France) with the support of the PNPS and INSU.
http://pollux.graal.univ-montp2.fr
4Fig. 2.— Theoretical spectra for a 105 M⊙ super star cluster after 5 Myr (left panel) and 15 Myr (right panel). Black spectrum represents
the full SSC SED, blue represents the main sequence and blue supergiant stars, and red plots flux due to red supergiant members. The
J–band is highlighted in gray.
Fig. 3.— Theoretical J–band spectrum of a 15 Myr old, 105
M⊙ super star cluster. Black spectrum plots the SSC spectrum
normalized to unity in the J–band, red shows the contribution of
the red supergiants and the lower panel provides a zoomed view
of the 5-6% level of the blue spectrum which represents the main
sequence and blue supergiant stars.
between ages of 8 and 22 Myr. For the model SSC spec-
tra at R=3500 we recover [Z] consistent with solar metal-
licity and with measurement errors of 0.10 to 0.14 (See
Figure 4). When we subtract a flat spectrum that is 5%
of the total flux (to simulate the removal of the ”main
sequence” contribution), the measured metallicities in-
crease, remaining consistent with solar.
4. ANALYSIS
We model the observed SSC spectra of M83-1f-117 and
NGC6946-1447 (see the description of our observations
and data reduction in Sec. 2) using single-star templates
for synthetic spectra. The spectra were computed as
follows. The model atmospheres are 1D LTE marcs
(Gustafsson et al. 2008). The coverage of the marcs grid
can be found in Table 1. Synthetic model spectra are cal-
culated in NLTE for iron, titanium and silicon using the
atomic models and codes described by Bergemann et al.
(2012, 2013). These atoms provide the strong lines cru-
cial for the analysis in the J–band. The contributions by
all other atoms and molecules are included in LTE. We
assume solar values for the ratios of alpha elements to
iron (α/Fe).
We begin by iteratively fitting the spectral resolution
of our data by finding the best model and resolution pair
by minimizing the χ2 fit statistic. Spectral broadening
due to cluster dynamics is inseparable from resolution
effects. We find a resolution of Reff=3500 for the M83
ISAAC spectrum and Reff=1800 for the NGC6946 ob-
ject with SpeX. These values are consistent with the ex-
pected capability of the instruments. The measured Reff
is applied to the entire grid of synthetic spectra and a
four-dimensional χ2 grid is calculated using the strong
isolated diagnostic features of Fe i, Si i, and Ti i across
the spectral window.
Best fit parameters are extracted from the χ2 grid as
follows (a detailed description of the method is given in
Gazak et al. 2014). We construct six two-dimensional
slices around the best fit model such that each χ2 slice is
locked to two “best model” parameters and varies over
the remaining. Each slice is interpolated onto a new
grid at 10× the parameter resolution. The interpolated
χ2 minimum provides a measurement of the two “free”
parameters for each slice: over six slices we accumulate
three measurements of each parameter. The best fit val-
ues which we tabulate in Table 1 are the average of those
three measurements.
Standard χ2 statistics requires that the deviations be-
tween data and model in each wavelength bin be gaussian
in nature. Gaussian deviates cannot be assumed for the
following reasons: the input spectrum is contaminated
by other spectral types at the ∼5% level, the models are
likely to contain systematic errors, and residual features
due to imperfect telluric corrections are not randomly
normal across the spectrum. Instead we employ a Monte
Carlo test to assess the 1σ uncertainties in our parame-
ter extractions. This test begins by interpolating a model
to the extracted fit parameters. We produce 1000 noise
spectra as follows: generate a random gaussian deviate
for each pixel such that the global standard deviation of
the noise spectrum is characteristic of the signal-to-noise
ratio of the observed spectrum. We iterate over the noise
spectra, adding each to the interpolated model and feed-
ing the resulting spectrum through our fitting procedure.
Each noisy model produces a set of best fit parameters,
of which the central 68% represents a classic 1σ region of
uncertainty without assuming gaussian error processes.
5Fig. 4.— Metallicities extracted from synthetic SSC spectra as a
function of age. Black circles show values extracted from the spec-
tra when a 5% flat contaminative flux is removed from each spectra
, red triangles are a result of the RSG population alone, and blue
squares show metallicities extracted from the full spectra. Error
bars on the black circles are consistent for each of the three types
of measurement. The gray zone is the expected region of uncer-
tainty for a single solar metallicity red supergiant analyzed with the
method used in this letter and initially presented by Davies et al.
(2010) and Gazak et al. (2014).
We experiment with the effect of ∼5-10% contami-
native flux from the remaining stellar flux of the SSC
(Gazak et al. 2013). This is accomplished by assuming
a flat spectral dilution and removing 5% and 10% of
the median flux of our observed spectra. The effect is
to deepen the absorption features−it is in the depths of
strong lines that the flat spectrum contributes the largest
percent flux. We repeat our fitting procedure after scal-
ing out 5% of the median flux. These adjusted spectra
yield consistent measurements of [Z]; measurement un-
certainties dominate the shift in metallicity due to deeper
absorption features.
5. DISCUSSION
5.1. M83
Multiple investigations of M83’s chemical enrichment
using both “direct” and “strong line” H ii methods
have produced abundance gradients across the inner and
outer disk of the galaxy (Bresolin & Kennicutt 2002;
Bresolin et al. 2005, 2009b). While plagued by the biases
and uncertainties discussed in §1, those papers produce
lower limits for the [O/H] enrichment in the inner disk of
M83 of 1.6× solar and admit that the values require re-
finement. In particular, Bresolin et al. (2009b) find that
two common calibrations of the H ii region method on the
same dataset return identical slopes for the metallicity
gradient but the measurements of the overall metallicity
level vary by 0.47 dex−a factor of nearly three. Further-
more, early work on H ii regions returned values of 2-10×
solar oxygen abundance (Dufour et al. 1980). While cur-
rent work settles around more modest values of 1.5-2×,
it is clear that the calibration of H ii region metallicities
exceeding solar remains problematic.
In Table 2 we tabulate the parameters measured from
our spectra corrected for a flat 5% flux contamination.
By applying our method for extracting metallicities from
the J–band spectra of RSGs we measure a disk metallic-
ity of 1.9× solar ([Z] = +0.28 ± 0.14) for M83. This
value is consistent with H ii region measurements by
Bresolin et al. (2005) who report a metallicity from H ii
region auroral lines in the inner disk of [O/H] = 1.78×
solar.
5.2. NGC 6946
Measurements of the central abundance and gradi-
ent of NGC 6946 suffer from the same setbacks of
the H ii region method. Using two empirical calibra-
tions, Moustakas et al. (2010) measure a central metal-
licity and metallicity at the isophotal radius R25 (Z0,
ZR25) of 3.0× solar and 1.5× solar for the calibra-
tion of Kobulnicky & Kewley (2004) and 0.6× solar
and 0.4× solar based on an alternate calibration of
Pilyugin & Thuan (2005). Cedre´s et al. (2012), using
the same two calibrations, measure Z0, ZR25 of 3.4 and
1.7× solar for one and of 0.8 and 0.3× solar for the other.
In this case three of the four measured gradients are con-
sistent but the offsets in central metallicity between cal-
ibrations are factors of four to five (0.63-0.68 dex). We
targeted the SSC NGC 6946-1447 because it has been the
target of a careful, high-resolution analysis: Larsen et al.
(2006) use R=25,000 H and K spectra and a proprietary
spectral synthesis code to measure [Fe/H] = −0.45 ±
0.08 (0.35× solar) and [α/Fe] = +0.22 ± 0.11.
With our method we measure a metallicity of ∼0.5×
solar ([Z] = −0.32 ± 0.20). Our measurement agrees
within 1σ to the published value in Larsen et al. (2006),
but we note that the resolution of our NGC 6946-1447
spectrum is less than ideal. Even with this observation
at modest R ∼1800 we can claim that the disk of this
galaxy is significantly sub-solar in metallicity, something
that H ii region methods cannot do without an arbitrary
choice of calibration. Still, the J–band SSC method
is better suited to spectral resolutions above R=2500
(see Gazak et al. 2014). It is important to note that
Larsen et al. (2006) also find a significant enrichment in
α-elements relative to iron. Our assumption of a solar
α/Fe will then skew our measured [Z] to higher metallic-
ities. Assuming the SSC does have a super-solar α/Fe,
the silicon and titanium lines in our models will be glob-
ally too shallow relative to iron. In this case the best
global fit to the spectrum using our grid will require a
model with higher [Z] and may explain the difference be-
tween this work and Larsen et al. (2006).
5.3. Summary
Independent techniques to measure the metallicities
and gradients across the disks of star-forming galaxies
are critical to our understanding of galaxy formation and
evolution. Such techniques are also poised to help dis-
entangle the biases and poorly understood systematics
inherent to “strong line” H ii methods which are rou-
tinely applied to massive datasets of galaxies. Those
techniques which have proven most successful are based
on the quantitative spectroscopy of supergiant stars.
In this letter we have introduced a method capable of
avoiding the extreme systematic uncertainties inherent
to H ii region “strong line” methods. We utilize the re-
liable quantitative spectroscopy of red supergiant stars
in a new method which remains observationally efficient
with existing telescopes well beyond the Local Group
galaxies. This is accomplished by targeting young super
star clusters−coeval stellar populations dominated in the
6near−IR by red supergiant stars. This J–band technique
is ideally suited to multi-object R∼3000 J–band spectro-
graphs. Two such instruments have recently been com-
missioned, KMOS on the VLT and MOSFIRE on Keck,
allowing for studies of super star clusters in star-forming
galaxies up to conservative distance estimates of 70 Mpc
in galaxies across the northern and southern skies. In-
deed, an observation campaign is planned to push beyond
this pioneering first observational step and collect spectra
of super star clusters across the disk of M83 to provide
an independent measurement of central metallicity and
the abundance gradient of this star-forming galaxy.
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